ABSTRACT-A new method of moist convective adjustment is presented. A large-scale state of the atmosphere is assumed to be in a thermodynamically critical condition when a hypothetical cloud element can develop. As a result of the convective adjustment, the atmosphere is altered to a new state that is marginal or unfavorable to the occurrence of a free moist convection. The numerical scheme of the adjustment is described in detail.
INTRODUCTION
How to incorporate the effect of the ensemble cumulus convection into a grid-scale thermohydrodynamical system is one of the important but underdeveloped problems in the modeling of the large-scale atmospheric circulation.
I n one type of parameterization of cumulus convection, the hypothesis of penetrative convection is used to formulate the mechanism of the conditional instability of the second kind (e.g., Ooyama 1964). Later, Ooyama (1971) stated the philosophy upon which a more sophisticated parameterization of this kind should be developed; he stressed that cloud physics must be embodied in the parameterization and that the statistics concerning cloud ensembles must be known.
The so-called convective adjustment is another type of parameterization (Manabe et al. 1965 ). I n this method, it is assumed that there exists a critical state for the largescale thermodynamical field. When the field tends to become unstable, it is adjusted, under some constraints, to a new stable or mild state. This process of adjustment is presumed to be a substitute for the convective process. The problems in adjustment methods are, therefore, (1) determination of a critical state of the large-scale field or the condition for the convection to occur, and (2) formulation of a scheme by which the large-scale field is altered to a new state.
I n the adjustment methods proposed so far, the critical relative humidity has to be prescribed to determine the condition of adjustment (e.g., Miyakoda et al. 1969 ). I n this paper, we attempt to remove this requirement despite the complication of the adjustment process. I n the new scheme, a large-scale field of temperature and mixing ratio is adjusted if the condition for the development of a hypothetical cloud element is met. The adjusted environment is considered to be neutral for the convection of such an element.
In section 2, we derive the condition for free moist convection. In section 3, we explain how to adjust a largescale field to a neutral state. The detailed computation scheme is described and some examples are presented in sections 4 and 5, respectively. First, we derive an expression for the temperature change of a rising cloud element in terms of the two large-scale field quantities, temperature, T, and mixing ratio, T . Let us consider a mass integral of the sum of potential energy and enthalpy of a cloud element. Such a mass integral will be conserved if a system is closed, the process is moist-adiabatic, and the contribution of kinetic energy to the energy integral is negligible. When a system is open and environmental air is entrained into a cloud, the change in the mass integral is given by
d[~(c,T+gz+L~)cl=dm(cpT+gz+~r)e (1)
where m is the mass of moist air, c, is specific heat a t constant pressure, g is the acceleration of gravity, z is height, L is the latent heat of condensation, and r is the mixing ratio of mater vapor. Subscripts c and e are used to indicate a quantity for the cloud element and for the environment, respectively . (2) is generally negative, the temperature change of a cloud element [Le., -(dT/dz),] becomes larger than ym when the effect of entrainment is taken into consideration.
Let us now estimate the quantities (Te-T,) and (T,-T,)
on the right side of eq (2). We shall consider a cloud that may start to develop at height z. Assuming that (Te-T,) and (re-r,) vanish at the cloud base, we estimate the mean values of these quantities for an arbitrary finite distance, Az, above the base as follows:
(4) and I n eq (5), (rJe is the saturation mixing ratio at T,. From eq (2) through (5), we obtain the formula that gives the lapse rate of a cloud element with entrainment; that is,
EAZ
Although an arbitrary factor Az is involved in eq (€9, it does not affect a criterion for the occurrence of moist convection.
Criterion of Free Moist Convection
Free moist convection will start to develop when a cloud element becomes buoyant a t a height slightly above the cloud base. This condition is given by T,-Te>O. We see from eq (4) that this is equivalent to (7) Using eq (e), we can rewrite expression (7) 
Entrainment Into a Cloud Element
To use expression (8) as a criterion for moist convective adjustment, we must specify the fractional entrainment rate for a cloud element. In an entraining jet model or in a bubble model, the entrainment rate is assumed to be proportional to the velocity of a rising element. This hypothesis yields the following relation (e. g., Squires and Turner 1962, Simpson and Wiggert 1969 (10) is chosen so that the dependency of D on re is weak when the relative humidity is high: With expression (8) and eq (9) and (lo), we can check the possibility of free moist convection in a given environmental field.
ADJUSTMENT
The effects of the ensemble cumulus convection on the horizontally averaged temperature and mixing ratio are represented as apparent heat and moisture sources (e.g., Yanai 1964 Yanai , 1971 . For the case of the pseudo-adiabatic process, they may be written as 1 and I n eq ( l l ) , c is the rate of condensation per unit mass of dry air. The quantity &Ic denotes the total mass flux in the cloud. The transport in the cloud (i.e., M,T, and MJ,) and that in the environment by the compensating downward flux (i.e., -M,T, and -Mere) are combined to make the last term in eq (ll), where (T,-Te) and (rc-re) are the excess temperature and the excess mixing ratio in the cloud, respectively. Determination of M,,c, (Tc-T,), and
is a main subject of the study on the parameterization of the convection processes (Ooyama 1969 (Ooyama , 1971 Arakawa 1971 , Yanai 1971 .
In the present scheme, however, the fluxes of the excess temperature and mixing ratio are not evaluated explicitly from the cloud mass flux but are treated kinematically, based on some speculations on the moist convection.
The cumulus convection takes place when a large-scale thermodynamical state is favorable for it. Such a state may be established through the processes such as the convergence of moisture, the destabilization due to the large-scale vertical motion, the vertical diffusion of enthalpy, and the radiative transfer of heat. While the convection proceeds, it alters the large-scale thermodynamical field by the effect expressed in the right side of eq (11) . A characteristic of convection is its tendency to neutralize the favorable condition for itself that existed initially or may have been developed later through its own process. Therefore, the convection ceases eventually if the feedback effect of the changing thermodynamical state on the large-scale dynamics is ignored. The convective adjustment is complete at this point. This feedback is taken at the next marching step of the integration. In applying the preceding idea to the multilayer atmospheric model, we modify the horizontally averaged temperature and mixing ratio iteratively. At each iteration, the following formula, which is analogous to eq (ll), is used to change T and r :
that convection is primarily a process to destroy a preexisting unstable state, although the resulting heat flux may establish a new unstable state for the next iteration.
It is expected that the integral of such local processes over whole iterations brings about the before-mentioned overall stabilization of the thermodynamical state. We will derive the equation for q, FT, and F, from the preceding hypo thesis.
Let us suppose that a state of the temperature and mixing ratio of a layer k is, when examined under the condition of the layer k -1, favorable for the occurrence of free moist convection; that is, the condition given in expression (8) The quantities FT and F, denote the total convective flux of excess temperature and mixing ratio, respectively, across the interfaces of the layers in a single iteration.
The air mass per unit area in a layer is expressed by m.
Accordingly, the last term in expression (12) corresponds to the second term on the right side of eq (11). The problem is how to estimate p, F,, and F,. As mentioned earlier, the overall effect of the cumulus convection is to stabilize a large-scale thermodynamical state. Perhaps, this is achieved mostly by the decrease of latent energy in the lower layers due to condensation and the warming of the upper layers due to the flux of the excess temperature by which a part of the released latent heat is effectively transported upward. We presume that this kind of process takes place even locally in each iteration; that is, when a state between the two neighboring levels is favorable for the free moist convection, the condensation occurs at the lower level and the heat and water vapor are transported from the lower to the upper level. This would lead to local neutralization if those processes could be isolated. This hypothesis is made from the consideration TZ .=T..
Note that wk is related to q k by eq (13). According to the hypothesis, T* and r* should represent a neutralized state. Replacing T and r in expression (14) with T" and r* and equating both sides, we obtain the expression for a neutral condition for free moist convection, where the asterisk indicates a quantity that is a function of T* and/or r*. By virtue of eq (15), eq (16) gives a relation among g k , ( F T ) k --L / 2 , and (Fr)k--L/2.
The flux FT depends on the mass 0ux in the cloud and the excess temperature, as seen in the last term of eq (I 1).
The mass flux, and hence FT is probably large when the rate of condensation is large. Therefore, we relate ( F T ) k -l / 2 kinematically to q k by means of a form of diffusion. Using heat and moisture fluxes for each set with the scheme I the notations K, and 6t for the diffusion coefficient and the derived above. The temperature and the mixing ratio convection. The iteration is continued until the free moist convection disappears from wliole layers. Since X is smaller than unity, cooling of a layer does not occur in the present scheme.
Next, let us consider the flux of moisture, F,. We note that the ratio FT/FT is equivalent to a ratio between the flux terms of eq (11). It represents the ratio of the excess mixing ratio to the excess temperature in the cloud.
The excess temperature at the interface k-% is supposedly large when the temperature decrease outside the cloud from the level k to k-1 is large. A similar situation probably holds for the mixing ratio. Accordingly, an approximation formula for FT/FT takes the form From numerical considerations, an implicit form is chosen in writing the above equation.
From eq_(16), (18), and (19), we can now determine the three unknowns qk, (FT)k--1,2, and (F,)k-lI1. We examine a thermodynamical state for every set of two sequential levels. Wherever the' condition given in expression (14) such iterative process, the unstable liiyers in the lower part of the air column may affect the upper portion. The present scheme of convective adjustment is derived from the hypothetical speculation on the convective processes and formulated with kinematical form. It has to be tested in a numerical simulation model. An example given in section 5 shows a fairly good performance of the present scheme in a numerical simulation experiment of tropical cyclones.
COMPUTATION SCHEME Stability Check
In this section, we explain the computation scheme of moist convective adjustment, which was described in the preceding section. Instead of the height coordinate, let us adopt the u coordinate system, where u = p / p s and p , is the pressure at the earth's surface.
The procedure we take in the course of numerical integration is shown in figure 1 . In a marching step, the prediction is done at first by taking the grid-scale dynamics and diffusion process into account. Then, we check the moisture field. If it is in a state of supersaturation, T and T are changed to T+AT and r+Ar, respectively, under the condition that e,ATfLAr,=O to make the relative humidity 100 percent after the adjustment.
Next, we check the stability. If it is absolutely unstable, it is adjusted to the dry adiabatic lapse rate, y d . The total potential energy must be conserved in this process.
A preliminary check for the free moist convection follows. Let us take the two levels labeled as k and k-1.
If the stratification is absolutely stable, no adjustment is made. When it is conditionally unstable; that is, 9 the condition for the free moist convection is examined.
I n expression (20), + is the geopotential of a constant u surface.
Condition for Adjustment
If the atmosphere is conditionally unstable, the possibility of free moist convection is checked by the criterion given in expression (14). When the u coordinate system is used, the weight for each layer for evaluating the weighted average [indicated by an overbar in expression (14)] should be the u thickness; that is, 6 k ( T = f l k + 1 / 2 -u k + l p . Expression (14) is rewritten as is satisfied, we estimate the condensation amount and the
(21)
Estimation of Condensation and Flux
When the condition given in expression (21) is satisfied, we utilize the scheme presented in the previous section to estimate the condensation amount at level k and the flux of heat and moisture across the interface k-1/2.
For converting the equations in section 3 to those for u coordinate, we need to divide m, FT, F,, and p by p,/g.
Hence, if we reuse the symbols F T , F,, and p for the divided quantities, respectively, the forms of the equations do not change except that mk is replaced by &a. A redefined parameter p is pzCg/4p,. It is dimensionless and of the order 10-1 for p=10-3g.cm-3 and zc is of the order of several kilometers. Following the explanations in the preceding section, we determine X from the equation that corresponds to eq (17); that is,
We now show how to obtain are derived from the formulas where the asterisk indicates a quantity affected by pa. The left side of eq (24) is a function of pa.
Wegstein's iteration method, which is of the formf(x) = 5 where x = g k , can be used for solving eq (24). We attach a superscript to x for denoting an iteration order. The 
formula of iteration is where
In the present case, the iteration may start with xo=O, z1=f(z0)/2. We repeat ,the iteration until lf(zn) -zn( becomes less than a small value, say 0.05"K. Once the final value for x (i.e., yk), is obtained, the quantities wr, ( F T ) k --I , 2 , and (Fr)k-1,2, are determined from eq (23).
Modification of State
As mentioned in the previous section, we modify the initial temperature and mixing ratio after applying the preceding step to all sets of two sequential layers. The modified values of temperature and mixing ratio at level k are and respectively. .These forms correspond to expression (12), which is written for the height coordinate system.
After computing a new state of air column, we check its stability and repeat a cycle of adjustment as shown in I km in cases A, B, and C. The computed changes of temperature and mixing ratio for each case are shown in figure 2. As we discussed i n section 2, high humidity (case B in the present example) is a favorable condition for the free moist convection. It is seen that the change of state in case B is large, and the one for the relatively dry case (case C) is very small. We also mentioned in section 2 that another favorable condition for moist convection is a small rate of entrainment for a cloud. I n case D, the large-scale field is the same as that for case A, but the entrainment rate is decreased by the use of a larger value (i.e., 1.0 km) for the parameter Do. The result of the adjustment calculation is shown in figure 2 . The modification of the field in this case is large and is made through a deep portion of an air column. This suggests that the specification of the parameter Do should be done carefully in the adjustment scheme proposed in this paper.
The present scheme has been adopted in the numerical modeling of the tropical cyclones a t the Geophysical Starting from a weak vortex, an intense hurricane-like structure was developed in the model. The region of condensation was' well organized a t and above a convergence area in the low layers in the early stage of the integration. Apparently, the total effect of the condensation heating and the convective transport of heat established a solenoidal field to which the growth of the vortex was attributable. In the mature stage, the heating rate due to the above effect was large at the eye-wall region. Its distribution in the axisymmetric model is shown in figure 3A , where the ordinate is the pressure level ail ' 'hn abscissa is the distance from the center. The distribution of the apparent source of mixing ratio is shown in figure 3B . A small positive area is due to the influx of moisture from below. The maximum heat source is located a t a higher level than the maximum moisture sink as a result of the upward transport of enthalpy in the adjustment process.
